Introduction
Although tumor cells arise from the malignant transformation of a single cell, their samples are inherently composed of heterogeneous tumor cell populations, as evidenced by differential marker expression or differences in cellular behavior. 1 Beyond acquisition of genetic mutations during tumor progression, this heterogeneity may also be due to nongenomic alterations, such as the induction of epigenetic alterations associated with extrinsic cues. 2 One such phenotypic variation includes the confinement of clonogenic growth to only few tumor cells, 3 eventually leading to the concept of cancer stem cells (CSCs). [4] [5] [6] One approach to isolate CSCs has been proposed by adapting the Hoechst 33342 staining method to purify hematopoietic stem cells (HSCs) as side population (SP) cells. [7] [8] [9] [10] [11] Wnt signal-transduction pathways represent an essential module in the morphogenesis of all metazoa. 12 Originally described in Drosophila, Wnt proteins mediate communication between cells over a short distance, where concentration gradients play an important role as signals directing differentiation and tissue homeostasis. 13 Perturbations of Wnt signaling have been described during malignant transformation, particularly in colorectal cancer and melanoma. 14, 15 In acute leukemia, a canonical Wnt signaling agonist, Wnt3a, was found to act as a hematopoietic growth factor, supporting disease progression even in the absence of mutations in Wnt pathway components. [16] [17] [18] The hydrophobic nature of Wnt proteins acquired as a result of extensive posttranslational processing 19, 20 necessitates specific carrier mechanisms for their export from the endoplasmic reticulum to the cell surface. The extracellular transport of Wnt proteins through both specific lipoprotein carrier proteins and their association with the lipid membranes of vesicular structures has been described in Drosophila. [21] [22] [23] [24] [25] Such secretory vesicles of Drosophila resemble exosomes, which have also been identified in multiple human cell systems. Exosomes are microvesicular structures with a mean size of 50 to 100 nm, released by exocytosis following intracellular assembly in multivesicular bodies (MVBs). 26 In normal physiology, exosomes are secreted from erythroid progenitors during progenitor cell maturation, as well as from normal and transformed B lymphocytes and dendritic cells, and possess immunomodulatory functions. [27] [28] [29] In view of the above and the emerging role of exosomes in the Wnt signaling pathway, the objective of the present study was to identify putative tumor stem cells in aggressive lymphomas of diffuse large B-cell lymphoma (DLBCL) type and investigate the mechanisms by which the formation of SP and non-SP cells are modulated.
Materials and methods
Cells, antibodies, small molecules, plasmids, and vectors
The previously described DLBCL cell lines SUDHL4, U2932, and Karpas 422 were obtained from a public depository (DSMZ, Braunschweig, Germany), the cell line Balm-3 30 was kindly provided by B. Glass, and the cell lines OCI Ly1 and OCI Ly3 31, 32 were obtained from the Ontario Cancer Institute. The cell lines L-Wnt3a (ATCC #CRL-2647) and L cells (ATCC #CRL-2648) were kindly provided by T. Pukrop. Approval for the collection and analysis of patient samples after informed consent was obtained from the institutional review board of the University Medicine Goettingen and was conducted according to the Declaration of Helsinki. For propagation of human lymphoma cells in ovo, fertilized chick eggs were incubated at 37.8°C and 80% relative humidity and lymphoma cells applied on the chorioallantoic membrane (CAM) on day 10 (for details, see supplemental "Experimental procedures"). For SP cell analysis or sorting, the mononuclear cells were stained with the fluorescent dye Hoechst 33342 (Sigma-Aldrich) at a concentration of 5 mg/mL (37°C for 2 hours) as previously described. 7 Exosomes were prepared by differential centrifugation according to standard protocols (for details, see supplemental "Experimental procedures"). 28 Small molecules were used at the concentrations indicated (XAV939, SB-216763, IWR1, and IWP2; all from Sigma-Aldrich). For silencing Wnt3a and secreted frizzled-related protein 4 (SFRP4), validated specific small hairpin RNA sequences were used (The RNAi Consortium, www.broadinstitute.org/rnai/trc; shWnt3a: shWnt3a I, TRCN0000089120; shWnt3a II, TRCN0000089122; shSFRP4, clone TRCN0000014490) and were cloned into pLKO.1-eGF (Addgene), and lentiviral particles produced in a human embryonic kidney 293T cell producer cell line with the plasmids pCMV-DR8.91 (containing gag, pol, and rev genes) and pMD.G (VSV-G-expressing plasmid) following standard protocols. Green fluorescent protein (GFP)-positive variants of the cell lines OCI Ly3 and OCI Ly1 were generated by lentiviral transduction. GFP expression over time was routinely screened in parallel to all experiments by fluorescence-activated cell sorter, documenting stable GFP expression .98% in the transduced variants (supplemental Figure 3c ).
Gene expression, DNA methylation, microscopy, sodium dodecyl sulfate polyacrylamide gel electrophoresis, western blot, and PCR For gene expression analysis, 300 ng of purified RNA was labeled with biotin according to the Affymetrix Gene Human Arrays 1.0 ST protocol (details provided in supplemental "Experimental procedures"). The HumanMethylation27 BeadChip (Illumina, San Diego, CA) uses Infinium technology, previously described for SNP genotyping, 33 to perform genome-wide screening of DNA methylation patterns (details provided in supplemental "Experimental procedures"). Confocal microscopy, immunoelectron microscopy according to the Tokuyasu method, sodium dodecyl sulfate polyacrylamide gel electrophoresis, western blot, and polymerase chain reaction (PCR) were performed according to standard protocols (details provided in supplemental "Experimental procedures").
Statistical evaluations
The indicated statistical tests were performed using GraphPad Prism, version 4.03 for Windows (GraphPad Software, San Diego, CA; www.graphpad. com), and P values are given for each experiment. Error bars represent standard deviations of samples.
Results
Role of SP cells in context-dependent regulation of clonogenicity and population homeostasis in DLBCL
The identification of stem cells with SP phenotype in several cancers prompted us to explore for such cells in DLBCL. We found SP cells as a regular constituent of DLBCL cell lines, at mean proportions ranging from 0.09% to 2.9% ( Figure 1A-B) . The proportions of SP cells were characteristic for individual cell lines, and these cells did not segregate with cell lines of either activated B-cell (ABC)-type origin (U2932 and OCI Ly3) or germinal center B-cell (GCB)-type origin (SUDHL4, Karpas 422, Balm-3, and OCI Ly1). Although SP cell number variability was observed between repetitive measurements of the same cell line, the formation of SP cells was also found after in vivo propagation either in ovo or in the mouse ( Figure 1A) . Importantly, we also identified SP cells in primary tumors of 8 untreated patients with DLBCL at a mean proportion of 0.6% (range, 0.15% to 2.06%; n 5 8), wherein the SP cells harbored the clonal markers of mature B cells of the main lymphoma cell populations ( Figure 1B-E) . Further phenotypic analysis revealed no major differences in cell surface marker expression and, in particular, no differences in HSC marker expression between SP and nonSP cells (supplemental Figures 4c and 5 ). Lymphoma SP cells expelled doxorubicin more efficiently than non-SP cells, whereas the expression levels of ABC transporter G2 in SP and non-SP cells were similar ( Figure 1G and supplemental Figure 4a ). 34 Noteworthy, SP cells of all cell lines were enriched for cells in the G 0 /G 1 cell-cycle phase ( Figure 1G ). Previous results have shown that malignant SP cells gave rise to progeny of both SP and non-SP cell phenotypes, whereas non-SP cell fractions were mostly incompetent to continue cancer cell propagation. 9 This finding was confirmed in DLBCL cell lines (supplemental Figure 3c ). We observed a relative expansion of progeny from labeled SP cells in the growing tumor, accompanied by an expansion of progeny from unlabeled non-SP cells ( Figure 2E ). This observation in OCI Ly3 was confirmed in cell line OCI Ly1 ( Figure 2F ). This finding refutes our initial expectation that there would be a growth of only SP cell progeny. In addition, both SP and non-SP fractions of the growing tumor were composed of equal amounts of labeled and unlabeled cells, indicating that SP cells had generated non-SP cells as expected; however, non-SP cells also had generated both SP and non-SP cells ( Figure 2E -F). In the tumor tissue, the progeny of the labeled SP cells were evenly distributed among the unlabeled cells, suggesting that the generation of progeny from SP and non-SP cells did not follow a clonal pattern, but rather occurred as diffusely admixed cells ( Figure 2G ). Therefore, lymphoma SP cells represent a regular constituent of aggressive B-cell lymphoma and have the capacity for clonogenic growth as single cells. As separated cells, clonogenic growth is restricted to SP cells. In admixed populations of a complete tumor, however, transitions from SP to non-SP cells as well as from non-SP to SP cells occur ( Figure 2H ).
Modulation of canonical Wnt signaling in DLBCL SP cells
The observation that SP and non-SP cells act as transient functional lymphoma cell phenotypes raised our interest in the regulatory process involved. Global DNA hypomethylation has been recently recognized as a feature of HSCs, particularly those of the SP cell phenotype. 35 Therefore, to determine whether DNA hypomethylation is involved in SP cell generation, the lymphoma cell lines were incubated with the DNA demethylating agent 5-aza-29-deoxycytidine. It was observed that incubation augmented the fraction of SP cells in lymphoma cultures, particularly those of OCI Ly3, OCI Ly1, and Karpas 422 (supplemental Figure 6a-b) . In order to explore candidate genes, we first applied a global gene promoter methylation analysis, which identified, among others, both Wnt and Wnt receptor signaling as differentially methylated functional genes classes (supplemental Table 1 ). To further narrow down those genes differentially expressed between SP and non-SP cells, we then performed a combined analysis, where genes with promoter hyper-or hypomethylation status were correlated with either a low or high transcript level, respectively. Promoter hypomethylation of SFRP4 was found to be associated with a low SFRP4 expression, whereas Wnt3a promoter hypomethylation was found to be correlated with an increased Wnt3a gene expression in OCI Ly3 SP cells (supplemental localized in the cytoplasm, particularly the perinuclear region (supplemental Figure 7b) , and that exogenic recombinant Wnt3a increased b-catenin levels in OCI Ly3 and OCI Ly1 cells ( Figure 3D) . A significantly higher proportion of b-catenin was detected in the nuclei of OCI Ly3 SP cells when compared with the proportion in the nuclei of non-SP cells (Figure 3E-F) .
Subsequently, we suppressed Wnt3a expression by transfecting the OCI Ly3 lymphoma cells with lentiviral shWnt3a constructs (supplemental Figure 8) . Silencing of Wnt3a expression significantly reduced the proliferation of OCI Ly3 cells in lymphoma cell suspension cultures ( Figure 4A ), and proliferation was completely inhibited in subsequent passages (n 5 4). In the CFU assay, the shWnt3-transfected cell lines showed low clonogenic capacity, resulting in a few colonies of densely packed cells, when compared with that exhibited by the scattered colonies of mock-transduced OCI Ly3-type cells (Figure 4B-C) . Further, the Wnt3a-knockdown variants produced, if any, only minimal tumors following implantation on the CAM in vivo ( Figure 4E ).
These findings were confirmed in vitro, wherein the purified SP cells of Wnt3a-knockdown variants exhibited low colony formation ability ( Figure 4D ). Subsequently, the nontransfected non-SP cells were combined with the SP cells of shWnt3a variants in a ratio of 96:4, and no significant CFU activity was observed ( Figure 4D , third column), indicating that the loss of Wnt3a in the SP cells could not be compensated by the residual Wnt agonist expression in the non-SP cells. Taken together, these results provide evidence that Wnt3a originating from lymphoma SP cells is an essential factor for clonogenicity and proliferation of SP cells in the whole tumor population.
Vice versa, we also analyzed the influence of the differential expression of SFRP4 in SP and non-SP cells. All lymphoma cell lines expressed and secreted SFRP4 at variable levels ( Figure 3B ). Functionally, the addition of exogenous recombinant SFRP4 reduced clonogenic activity in all cell lines, which was in turn associated with diminished proportions of SP cells in the cell cultures, in contrast to the increased CFU activity of OCI Ly3 cells observed upon the addition of a neutralizing antibody against SFRP4 ( Figure 4F -G and supplemental Figure 8 ). We applied several pharmacologic modulators of Wnt3a-mediated canonical Wnt signaling to OCI Ly3 cells in the CFU assay ( Figure 5A ). Although the agents had no effect on the rare CFUs from non-SP cells, we found significant effects on the clonogenic population of SP lymphoma cells. Whereas the recombinant Wnt3a and the GSK-b inhibitor SB-216768 stimulated CFU formation from lymphoma SP cells, the neutralizing antibody against Wnt3a and the tankyrase inhibitor XAV939 produced inhibitory effects ( Figure 5A) . We then applied XAV939 to lymphoma xenografts in the CAM assay and discovered a dose-dependent reduction of tumor size by this agent ( Figure 5B ). Histologic dissection of XAV939-treated lymphomas further showed a significant loss of tumor cell density in the implants treated with an XAV939 concentration of .1 mM ( Figure 5B and supplemental Figure 9 ). The effects of XAV939 were associated with a dose-dependent reduction of cellular b-catenin ( Figure 5D ). Notably, small molecules other than XAV939 acting as Wnt-signaling inhibitors also induced a reduction of the CFU activity in lymphoma cells, where IWP2 inhibited palmitoylation of Wnt and IWR1 increased axin2 protein levels ( Figure 5C ). Importantly, a significant reduction in the tumor CFU activity and cell growth by XAV939 was also observed in further lymphoma cell lines (supplemental Figure 9a) . The effect of XAV939 was associated with decreased proportions of SP cells, which could be attributed to growth arrest rather than the direct cytotoxicity of XAV939 ( Figure 5E and supplemental Figure S9b-c) . Thus, Wnt3a appears to be an essential agonist of cell growth in DLBCL cell lines, which could be blocked by small molecules.
Exosome-mediated transport of the Wnt3a protein
For the extracellular transmission of lipophilic Wnt3a, several mechanisms have been discovered, including specific extracellular carrier lipoproteins as well as membranous vehicles termed argosomes. [21] [22] [23] [24] Our recent study demonstrated that aggressive lymphoma cells produce ample amounts of exosomes, which are involved in mechanisms of cellular resistance against humoral immunotherapy. 29 In the present study, we applied high amounts of purified exosomes to lymphoma cells in the CFU assay and found a significant stimulation of clonogenic growth of lymphoma SP and also, to some degree, non-SP cells ( Figure 6A ). Upon analyzing Wnt3a in this system, we found that Wnt3a was significantly enriched in the exosome fraction of the culture supernatant from OCI Ly3 cells as well as from further lymphoma cell lines ( Figure 6B ). Exosomal Wnt3a migrated at a characteristic density of 1.16 g/mL by sucrosegradient sedimentation ( Figure 6C ), and electron microscopy showed that Wnt3a was located on the outside of the limiting exosome membrane ( Figure 6D ). Functionally, purified lymphoma exosomes elicited Wnt activity in the TOP/FOP assay, and the activity was comparable to that of either ectopic Wnt3a expressed in the supernatant of L cells or that of purified recombinant Wnt3a ( Figure 6E ). Finally, we stained tumor tissue sections from 258 patients who were uniformly treated within the non-Hodgkin lymphoma B1 and B2 trials of the German High Grade Lymphoma Study Group (DSHNHL) 36, 37 using an antibody against b-catenin. b-catenin localization was mostly confined to cytoplasm and exhibited an either a diffuse pattern or was found to be typically condensed at the perinuclear region ( Figure 6F ), which was similar to our findings in cell lines (supplemental Figure 7b) . The proportion of b-catenin-positive tumor cells per sample varied significantly. In most cases, we detected b-catenin expression in ;50% of the tumor cells ( Figure 6G ). With regard to the clinical outcome in this cohort of patients, whole b-catenin expression was not found to be associated with differences in overall survival or time to treatment failure after primary chemotherapy (supplemental Figure 10) .
Discussion
The pivotal finding established in our study is the self-maintained intraclonal equilibrium of tumor cell populations. Components of this population equilibrium comprise not only classical motherdaughter relationships of SP and non-SP cells but also plasticity of cell types and a continuous exchange of Wnt signals between the DLBCL cells.
The concept of CSCs serves as an attractive model for explaining intratumoral heterogeneity, and tumor cells with SP phenotype appeared to follow this model. 9, 38 The findings of our study on aggressive lymphoma validated the characteristics of CSCs in SP cells at a single-cell level. However, in the exponentially growing tumor bulk, we observed not only expansion of SP cells but also a simultaneous direct conversion of non-SP cells back to the SP phenotype, thus contributing to tumor propagation. Congruently, similar transitions from CSCs to non-CSCs, and vice versa, have recently also been recognized in breast and bladder cancer cell line models. 39, 40 In our model, the SP and non-SP transitions were critically regulated by the tumor tissue context; ie, whether the cancer cells acted individually as a single cell or were functioning in close contact to neighboring cells. Importantly, the tissue context for either SP or non-SP cells was constituted not by exogenic stromal cells but by the respective population counterpart autonomous to the tumor clone. This self-organization of the tumor appears akin to the organizational pattern in bacteria termed "quorum sensing," where sensing bacterial density by metabolites or signal molecules regulates fate decisions of the whole population. 41 In the present study, exosomal Wnt3a appeared to play the role of a quorumsensing factor, stimulating cell growth via locally increased concentrations, upon initiation of the clonal growth from individual colonies of SP cells expressing Wnt3a. Similarly, SFRP4 secreted from non-SP cells acted as a quorum-quenching factor, with a suppressive effect on lymphoma expansion.
Interestingly, when Wnt3a stimulation was blocked by genetic silencing or pharmacologic intervention, homeostasis was perturbed. Although inhibition of Wnt3a expression was compatible with immediate cell survival, the lymphoma cell cultures stagnated and eventually died. Some cells appeared to compensate for the loss of Wnt3a by generating very densely packed cell clones ( Figure 4C ), suggesting that direct cell contact or some factor in the tumor micromilieu might have partially compensated the loss of Wnt3a. Overall, SP cells displayed a dual function in the propagation of lymphoma bulk. Besides generating progeny, the SP cells provided Wnt3a to surrounding non-SP cells. Therefore, our study confirmed that tumor population expansion represents not a stochastic growth from independent cells but rather a deterministic process, where fate decisions depend on the cellular neighborhood. 42 Activation of Wnt-pathway components has previously been described in several other malignancies, including colorectal cancer, where APC mutants cause a strong activation of the canonical Wnt pathway. 13 In contrast to the cases of APC-mutated colorectal cancer, the effects between lymphoma subpopulations appear more subtle, as evidenced by the strong nuclear expression of b-catenin in colorectal cancer when compared with the predominant cytoplasmic and perinuclear b-catenin staining in the lymphomas, similar to the situation in multiple myeloma. 43 Similar to us, Ge et al recently detected b-catenin expression in most DLBCL samples and described a correlation of increased nuclear b-catenin levels with clinically advanced-stage disease. 44 In our cohort of patients treated in the prerituximab era, we did not detect an association between the amount of b-catenin-positive cells per sample and patient prognosis (supplemental Figure 10) . Measuring whole b-catenin integrates both b-catenin activation and b-catenin decay, thus providing evidence for involvement of canonical Wnt signaling only. 13 For an estimate of an association between prognosis and b-catenin activation levels, studies of nonphosphorylated b-catenin or canonical wnt targets may be warranted.
In the present study, Wnt3a and SFRP4 expression in DLBCL SP and non-SP cells was regulated by an epigenetic mechanism, wherein a differential cytosine guanine dinucleotide island methylation of the respective promoters was noted. Previous studies on acute leukemia demonstrated the promoter methylation patterns of the Wnt pathway genes in the whole tumor sample, emphasizing on the differences between individual tumors. 17, 18 Our finding of intratumoral heterogeneity in lymphomas dictates that even epigenetic changes of Wnt pathway components in quantitatively minor subpopulations such as SP cells might be relevant once they become critical for the tumor infrastructure.
Upon analysis of the extracellular route of lymphoma-derived Wnt3a, we discovered enrichment in the exosome fraction of the cell supernatant. Exosomes or exosome-like vesicles have already been described to transfer Wnt proteins, in particular in niches requiring signal transmission across short distance, such as the neuromuscular synapse or as so-called argosomes at the basolateral imaginal disc epithelium of Drosophila. 21, 23 The communication between neighboring cells in the tumor micromilieu may represent a similar situation, in which exosomes facilitate exchange of autocrine or paracrine Wnt proteins. Although our results clearly document Wnt3a synthesis and secretion from lymphoma cells, the precise mechanism directing Wnt3a to the limiting exosome membrane is not yet known. In Drosophila, recent studies unraveled that several key proteins involved in MVB formation as well as R-SNARE Ykt6 were required for proper exosomal Wnt signal transmission. 25, 45 Similar mechanisms may also pertain to hematopoietic malignancies such as leukemias and lymphomas, for which we recently found the ABC transporter A3 to participate in a common apparatus of MVB formation and exosome secretion. How do our findings integrate in current concepts of lymphoma pathobiology, in particular DLBCL? At first sight, the CSC concept might not appear intuitive for malignant entities derived from mature, postgerminal B cells such as DLBCL. Indeed, lymphoma SP and non-SP cells expressed mature B-cell markers such as CD19 at equal levels and did not differ in the expression levels of HSC markers. Therefore, we view the genes associated with the functional state of SP, including increased Wnt3a, as a resurgence of an oncofetal program on the background of mature B cells. In recent years, gene expression profiling has provided significant knowledge about the heterogeneity of DLBCL, in particular the distinction of ABC type vs the GCB type and primary mediastinal B-cell lymphoma, or the characterization of molecular Burkitt lymphoma. [47] [48] [49] Within the panel of cell lines and the cases of primary aggressive lymphoma samples in this study, we have not noted a segregation of SP formation or differential Wnt-pathway member expression associated with ABCvs GCB-type assignment. Thus, we propose that the formation of SP and non-SP cells and, in particular, their mutual functional interaction through Wnt signaling are a common feature of lymphoma infrastructure, imposed on DLBCL of different subtypes. In a therapeutic perspective, this biological feature may allow the identification of targets for intervention, such as pharmacologic silencing of Wnt3a expression, application of Wnt antagonists, or interference with downstream mediators of the wnt pathways by molecules such as tankyrase inhibitors.
Taken together, the results indicate that DLBCL possess a selforganized infrastructure comprising SP and non-SP cells, where conversion of cell states is modulated by exosome-mediated Wnt signaling.
